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FOREWORD f

This report, prepared by New York University Antonio Ferri Labora-

tories, under U.S. Army Research Contract No. DAAG29-83-K-01l5, presents

the research and data analysis from wind tunnel tests conducted on a

six finned configuration. The test program was conducted in the Antonio
".

Ferri M = 6.0 Hypersonic Facility at Westbury, L.I.N.Y.
5'.

-

The Scientific Program Officer was Dr. Robert E. Singleton, and

the Technical Liason was Dr. Walter Sturek of the U.S. Army Ballistics

Research Laboratories, Aberdeen, Maryland. The parabolized Navier Stokes

Code Computations presented herein were performed by Dr. Paul Weinacht.

The authors wish to acknowledge the contributions of Mr. Harold

Clisset. This report covers the work performed from October 1, 1983 to

May 31, 7987.
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LIST OF SYMBOLS
A Area

Acyl Cross sectional area of cylinder = 1/4 n I "yt

Af Planform area of a single fin ,

b Semi-span of a fin = 8.379 cm (3.299 in)

Cz  Axial force coefficient = Fz/ q.Acyl

C Rolling moment coefficient = I /q.AcylDcyl

Normal force coefficient = ,.,

Cm Pitching moment coefficient = m/q. Acy Dcyl

Dcy I  Cylinder diameter = 10.16 cm (4.00 inches)

FZ Axial force due to aerodynamic load

L Model length = 112.93 cm =44.46 inches

m Pitching moment I"

M Mach number

N Normal force due to aerodynamic load

P Static (surface) pressure

PO Freestream stagnation pressure

PT2 Local pitot pressure

q.o Freestream dynamic pressure = 1/2 P. V 2 o

lw Heat transfer rate = kW/m 2 
- (0.0881 Btu/ft 2 sec)

r,R Radius or radial distance from model axis

Re Unit Reynolds number = pV. V p./g
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RLE Fin leading edge radius (see Fig. 1)

Rn  Nose cone-tip radius = 0.451 cm (0.1818 inches)

T Temperature

To  Freestream stagnation temperature

Tw  Model wall (surface) temperature

V Freestream velocity

x,y,z Body fixed Cartesian coordinate system

x,r,yp Body fixed cylindrical coordinate system

Z Axial component of aerodynamic force

GREEK SYMBOLS

Ot Angle of attack

y Ratio of specific heats for air

A Fin leading edge sweep back angle =72.7o

YMeridional angle from the most windward ray

4) Model roll angle .

p Mass density

1fluid (air) viscosity

SUBSCRIPTS

0Freestream conditions

cyl cylinder

w model wall conditions

5..
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I- INTRODUCTION

Reliable computations of the aerodynamic coefficients of hypersonic

missiles require the use of analytical tools, such as the three dimensional

parabolized Navier-Stokes (PNS) code being developed by Weinacht, 1985. In

this code, the steady thin layer approximations to the N-S equations written

in strong conservation form in generalized coordinates (using a wrap around

grid), are solved using an approximately factored, implicit, finite difference

numerical algorithm. An initial data plane, generated from a conical flow, is

used to march the solution downstream. A fully turbulent boundary layer,

based on a modified two-layer algebraic turbulence model, is used. Weinacht

has applied the code to compute aerodynamic coefficients of i) a ,

Secant-Ogive-Cylinder-Boattail configuration at 6.3 deg. angle of attack, at

Mach 3.0, with and without spin, ii) a long slender finned body configuration

at Mach numbers 3, 4 and 5 and for 2 deg. angle of attack. Good agreement

with range data and predictions from an inviscid code was found.

The objective of this investigation is to provide detailed experimental .

data about the flow over a six-finned configuration for comparison with

computations using this code. The comptutations for the present

configuration were performed oniy for zero angle of attack on a Cray XMP

super-computer with improved grid resolution of the viscous layer on the fins

and without using large smoothing. To interpret the angle of attack data, an

Euler code (SWINT) Wardlaw, 1983, was used. The SWINT code treats

configurations with forward and aft fins as thin surfaces located in .

meridional planes. A finite difference marching technique is used.

Supersonic flow is assumed throughout the flow field. The cross-flow .

separation on the leeward surfaces of the body is modeled semi-empirically.

1 Jp-l r, -r4r



II - EXPERIMENTAL APPARATUS AND TEST CONDITIONS

The experiments were conducted with a 10.16 cm diameter model, Fig. 1.

It had an 8 deg slightly blunted half angle cone, followed by a long cylinder,

and six blunted and swept fins. Tests were conducted with a smooth

cylinder and one with sub-caliber roughness (sabot grooves) see detail in

Fig. 1. A typical fin cross-section, SECTION A-A Fig. 1, shows that the 60%

blunt fin leading edge is followed by a 7 deg symmetrical wedge and a

planar section. An aft 70 expansion surface, near the trailing edge on only

one side of the fin, provides an unbalanced pressure which induces a rolling

moment. The trailing edges are rounded similar to the leading edge. A thick

(-1cm) boundary layer in the fins region develops at wind tunnel conditions. P.

The experiments were performed in the Mach 6.5 blowdown facility,

which was operated at nominally 5.5 MPa (800 psia) stagnation pressure,

and with 500 K stagnation temperature air. The corresponding free stream

unit Reynolds number based on the model diameter was ReD = 3.3 x 106. The
,.14

model wall was at ambient temperature; hence Tw/T o = 0.60. Tests were

conducted for model incidence angles, o=0 °, 50 and 100, and fin roll angles,

4p=0 0 (two fins in the pitch plane) and 300 (two fins in the horizontal plane).

The wind tunnel model was instrumented with 150 surface pressure taps

on two facing fin surfaces, and the included cylindrical surface. A total of

74 thin-skin heat transfer gauges were installed on two facing fin surfaces

diametrically opposite to the pressure instrumented fins. In the last test

series, two HY-CAL Engineering heat flux gauges were installed

diametrically opposite to one another on the cylinder one caliber upstream

of the fins to accurately measure the reference heat flux on the cylinder.

2
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III - DATA PRESENTATION AND COMPARISON WITH ANALYSIS

Three series of tests have been conducted with the smooth cylinder

model: 1) oil flow tests to obtain surface flow patterns; 2) surface

pressures and heat flux distributions on all fins surfaces; and 3) flow field

surveys around a typical fin. A fourth test series was conducted with the

grooved model to asses the effects of the grooves. In this last test series,

only items 2 and 3 above were measured for a zero angle of attack only.

Shadowgraph photographs of flow regions rear the fins were also taken.

A - Surface Flow Patterns

The streamline patterns on the various fins surfaces, Fig. 2, computed

with the PNS code for zero angle of attack, show the effects of the fins

leading edge bluntness and sweepback. A corner flow region at the juncture

of the fin with the cylindrical body is also evident. The observed flow

patterns were similar to these. Unfortunately, the photograph was not as

clear. Hence it is not presented here. On the cone and cylinder, the

streamlines are aligned with the generatrices.

Typical oil flow patterns for ct-- 50 are presented in Figs. 3a and 3b for
.. = 00 and 300 respectively. The patterns show adjacent fin shock traces on

the cylinder intersecting at about one third of the fins root chord. On the

leeward fin surfaces, there are three flow regions: the first is associated

with the blunt fins leading edges which are supersonic (MN = 2.); the second

region is the "delta" flow region, and the third is associated with the corner

region formed by the juncture of the fin and body. The distinct line

separating the leading edge region and the delta flow region may be due to

the formation of a swept recompression shock and a vortical structure in

4,.
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the boundary layer beneath this shock. Similar structures have been

computed by Rizzi, 1985, for a delta wing using a PNS code. The surface

streamlines near the fin's leading edges are similar to the flow over a

swept infinite cylinder. The corner region on the leeward surfaces

occupies a considerable (25-30%) portion of the fin's surface, and shows

vortical structures. These regions possess conical properties up to where

the adjacent fin shocks interact.

Typical oil flow patterns obtained for a=10 0 and for = 00 and 300 roll

orientations are shown in Figs. 4a and 4b respectively. At this attitude, the

flow over the cone and cylinder is separated on the leeward surfaces from

about y=1000 and starting almost from the nose tip. For =00 , the surface

patterns (Fig. 4a) show the body separation region interaction with the fin.4 -

located at yo=1200. The body separation line wets the leeward surface of

the fin located at p= 600 from the most windward ray.

At a 300 roll angle, the body separation line remains above the horizontal

fin. The top view, Fig. 4b, shows the secondary separation zone is contained

between the yo=1500 and yo=2100 fins. The leeside surface patterns on the

horizontal fins show the leading edge region is rather narrow; while the

corner flow region spreads at about a 4.50 angle. The major portion of the

surface is occupied by the "delta" flow region. The limiting streamlines

average slope is about 330 .

B 1 -Surface Pressure Data - Zero Angle of Attack

The measured pressure distribution from several tests for zero angle of

attack, along a ray on the cylinder midway between adjacent fins (Y=300) is

compared in Fig. 5 with the PNS and SWINT computations. The measured

4



pressures with both the smooth and rough cylinder are shown. In the SWINT

calculation, sharp fins were used. Hence the maximum pressure rise is not

as observed and is shifted downstream. In the PNS computation, the

boundary layer was assumed to be turbulent from the cone tip. The pressure

distribution shows a peak pressure, due to the fin's bow shock, which is

slightly greater than the measurements. Similar differences between the

measured and computed values of surface pressures have been observed by

Rizzi, 1985, in conjunction with the flow over the upper surface of a delta

wing. The pressure suction peak which is produced by the formation of a

leading edge vortex and the subsequent development into a recompression

shock was found to increase as the computational mesh diminished (Figs. 6

and 7, Rizzi). Whereas the observed pressure suction peak is decreased

substantially since "..the experiment contained a secondary vortex (produced

by the presence of the boundary layer) which is known to truncate the peak

and shift it inboard," Rizzi, p. 152. Similar compression rarefaction

phenomena associated with the wetting of the boundary layer on the

cylinder by the fins bow shocks may have caused the differences noted in

Fig. 5. Also, upstream influence in the boundary layer, flow asymmetry due

to small yaw/angle of attack, tunnel flow non-uniformity and data accuracy

may have contributed to the differences.

The measured pressures on a fin surface are compared with the PNS and

SWINT computations in Fig. 6 for several spanwise sections on the fin. The

pressure on the 70 wedge (SECTION B-B) is accurately reproduced by both

codes. Further outboard, the wedge pressure appears to be "washed-out" by

an expansion. The pressure on the fin leading edge stagnation line computed

with the PNS code is compared with the measured values in Fig. 7. Near the

5



edge of the boundary layer (SECTION C-C), the measured leading edge

pressure from several teots varied from 4.5 to 6.0 p.. This discrepancy

may be due to the differences in the boundary layer structure used in the

PNS code (fully turbulent) and the actual boundary layer on the model (see

flow profiles). Outside of the viscous layer and downstream of the leading

edge regions, the pressures computed on the fins surfaces agree with the

measured values within the measurement error. On the expansion surface

near the trailing edge, the SWINT code (SECTIONS B-B and D-D) is shown to

indicate the pressure level there. The measured pressure along the fin

trailing edge line varied between 0.4 and 0.6 p.,. The SWINT code appears to

predict (SECTION D-D) a secondary recompression slightly downstream of

the 70 expansion wedge. This is more evident at angle of attack and appears

to coincide with the swept recompression shock near the leading edge and

observed in the oil flow patterns, FIG. 3.

B 2 - Angle of Attack Data

The pressure distributions around the smooth cylinder, at an axial

station (Z/Dcyl = 8.0) upstream of the fins, Fig. 8 for ct= 50 and 100, show a

plateau starting near 900 from the most windward-ray. This is indicative

of cross-flow separation also at 50 angles of attack. The SWINT code

results, with cross-flow separation, are in good agreement on the windward

surfaces; however, the agreement is not good on the leeward surfaces.

The pressure distributions along the most windward and leeward rays of

the smooth cylinder, Fig. 9 for t= 50 and 100, and for 4=300 are compared

with the SWINT computations. The pressure on the most leeward ray attains

a maximum value of 1.1 times free stream at about 20% of the root chord.

6



The differences between the SWINT and the measurements are due to the

fins' leading edge bluntness. On the windward side, the pressure increases

to about 1.8 times the free stream value due to the shocks produced by the

fins. The pressure distribution along a side ray ( = 900) for a zero fin roll

angle, Fig. 10 for ot= 50, also does not agree with SWINT, due to the cross

flow separation on the cylinder.

The pressure at midspan of the fins' leading edges, shown in Fig. 11 as a

function of the fin roll angle and angle of attack, is compared with the

pressure computed using the Rayleigh Pitot formula and the component of

the free stream Mach number normal to the fin's leading edge. The

agreement is fair. At zero angle of attack, the PNS code gives a value of

PL.E./p o= 5.4 outside of the boundary layer on the cylinder, see Fig. 7.

The measured pressure distributions on the windward and leeward

surfaces of the horizontal fin along a chord at mid-span, Fig. 12, for cx=5 0

and for =30 ° , are compared with the inviscid SWINT code results. No PNS

computations were made for this case. The pressure on the windward and

leeward sides of a flat plate at 50 angle of attack in a Mach 6.6 freestream

are 2.14 and 0.42 times p. respectively. The SWINT computations and

experimental data, downstream where leading edge bluntness effects are

not significant, agree with these levels.

C - Flow -Profiles

Flow field surveys at a station upstream of the fins, Z/Dcyl 8.2, and in

the pitch plane, y =00, were performed with a traversable pitot/static

pressure probe for both the smooth and grooved cylinder. The measured

7
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pitot pressure profiles for a =00 are compared with SWINT and PNS

computations in Fig. 13a for both the smooth and grooved cylynders. The

computed bow shock location and strength as well as the inviscid shock

layer flow structure differ slightly from the measured values. The

differences may be due to probe response error, and the use of a sharp nose

cone tip in the PNS computations. Near the cylindrical body surface, the

entropy layer produced by the nose tip bluntness and the boundary layer

structure produce the observed differences. The influence of the grooves is

evident in the boundary layer profile, Fig. 13b. A significant pressure defect

is caused by the expansion-shocks train produced by the grooves. Outside of

the boundary layer, a defect due to the nose tip bluntness is also evident in

the measured profiles. This defect is not present in the PNS computations

since these were performed with a sharp nose tip starting solution.
At 50 angle of attack, the pitot pressure profile, Fig. 14, in the most

leeward plane of symmetry shows a flow structure near r/Dcyl=0.7 5 . At

this incidence, the viscous layer on the leeward surfaces is separated from

the surface. The pitot pressure profile computed with SWINT, enforcing

flow separation, shows similar trends. Although the agreement is not good.

The conical bow shock is virtually attenuated to zero strength on the

leeward side.

The pitot profile, for ct=0 0 , at a station in the fins region, Z/Dcyl = 10.7,

and midway adjacent fins, Fig. 15 for both the smooth and grooved cylinder,

show a peak pressure where the fin's shock intersect. The entropy layer due

to the nose tip bluntness, the boundary layer and the reflected fins shock

8
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appear to have merged. The computations with the PNS code give a better

agreement with the data than the SWINT code.

Pitot pressure surveys around a typical fin at a station two cylinder

diameters downstream from the fin tip station (Z/Dcyi = 10.7) were made

with a 72 point sectored pitot rake. Lines of constant normalized pitot

pressures for ct= 00 in a typical 300 sector about a fin are compared with

the PNS computations in Fig. 16a and 16b for the smooth and grooved

cylinder respectively. The trace of the fin shock and expansion fan

emanating from the 70 wedge expansion corner as well as the reflection of

the fin shock on the body are evident. The approximate location of the

boundary layer edge, determined from these and flow profile data, has also

been shown on the figures for completeness. The pitot data indicates that

the fin shock is not discrete. It apparently has been diffracted by the

boundary layer on the cylindrical surface. Also the fin shock strength is

attenuated rapidly away from the fin leading edge. The PNS computation

shows a similar flow structure and greater detail in the boundary layer.

The lines of constant pitot pressure measured around the horizontal fin

for a model incidence of 50 and a 300 fin roll angle are presented in Fig. 17

for the smooth cylinder. By comparison with the zero angle of attack, these

show the fin shock is strengthened on the windward side and weakened on

the leeward side . The eccentric nature of the flow upstream of the fins due

to the angle of attack is apparent. Also, a region of very low pitot pressure

is evident on the lee side of the horizontal fin. It is bounded by the fin

surface and cylindrical body and by a thin shear layer which emanates from

the 70 expansion corner near the fin leading edge. At this incidence, the 72

point sectored pitot rake may have induced this separation on the lee side of

9 .5



the horizontal fins. The oil flow pattern of the horizontal fins' leeward

surfaces (SN #3 or SN #8), inserted in Fig. 17, does not show flow

separation.

D - Heat Transfer Measurements

The heat flux distributions, Fig. 18, on the cylinder, midway between

adjacent fins on the most windward ray, for the 300 fin roll orientation and

for 0° , 50, and 100 angles of attack, show a peak heat flux where the

adjacent fin shocks intersect on the cylindrical body. The heat flux

distributions computed with the flat plate reference enthalpy method

(FPREM), using the surface entropy corresponding to that of the normal

shock produced by the blunted nose cone are shown for comparisons. On the

cylinder, the PNS code yields a value of the turbulent heat flux of 6.8 kW/m2

(0.6 BTU/ft 2 sec). This is in good agreement with the values measured on

the grooved cylinder and using the HY-CAL gauges. Whereas, this value is

about twice the measured values with the smooth cylinder. This shows that

the grooves effectively induced transition.

Since the heat flux depends on the test conditions, i.e. Mach number,

stagnation pressure and temperature, angle of attack and model wall

temperature, a sensitivity analysis was performed using the FPREM. The

results may be summarized according to the following equation:

q 1.0- 5.412 (M-1.0) +0.7975 (Po-1.0) + 3.162 (To-1.0) -

- 2.3479(Tw-1.0) + 3.587 oc
Tw

In this expression, qw, is the heat flux on the cylinder upstream of the fins

normalized wrt the heat flux at the nominal test conditions: i.e. M = 6.6,

10
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'

Po=750 psia, To= 8500R, Tw= 5300R, and Ot is the angle of attack in radians.

Also, the values of PO, TO' and Tw are normalized wrt these values in this

formula. This expression gives the heat flux correction due to these

parameters. That is, a 1% increase in freestream Mach number produces a

5.4% decrease in heat transfer. Similarly a 1% increase in tunnel stagnation

temperature produces a 3.2% increase in heat transfer, etc... Using this

formula to account for differences in windtunnel operating conditions, the

lowest value of the turbulent heat transfer that could be obtained on the

cylinder upstream of the fins is about 4.0 kW/m 2 . Since the heat flux

measured on the smooth cylinder was about 3.1 kW/m 2 , it must be concluded

that fully turbulent flow was not attained on the smooth cylinder. Also,

since the laminar heat transfer rate is about 1.1 kW/m 2 , the flow must have

been transitional. Except near the fins leading edges and the corner regions,

the heat flux on the fins' surfaces was of the same order as on the cylinder.

The heat flux on the fin's leading and trailing edges at mid-span, Fig. 19,

for o =00 , 50 and 100 vary with the fins' circumferential position. The

stagnation point heat transfer analysis of Reshotko and Beckwith, 1958, for

the viscous flow over a swept cylinder is shown for comparison. The

effects of the upstream flow due to the cylinder have been included in the

analysis by correcting the fin sweepback angle by the local flow direction

produced by the cone-cylinder forebody. The stagnation pressure at the fin

leading edge was assumed to be that presented in Fig. 11 and calculated

using the Rayleigh pitot formula with the normal component of the local

Mach number. The agreement between the measured heat flux on the leading

edges and that computed by this analysis appears to be good.

11
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E - AERODYNAMIC COEFFICIENTS

The axial and normal force coefficients of the complete configuration

were obtained from the measured surface pressures. The contribution due

to the nose cone bluntness and the fins leading and trailing edge bluntness

ha :. were estimated from empirical correlations using the approach Mach

Snumber. The axial force coefficient, Cz , variation with angle of attack is

shown in Fig. 20. The 80 cone contribution to the axial force is about 30% of

; the total force; while the sharp fins thickness contribute about 18% and the

V.

!fins' blunt leading edges contribute about 25%. The bluff base contributes

"-'"about 15%. The remainder is due to viscous effects assuming a turbulent

" ,"boundary layer everywhere. The axial force coefficient computed with the

'..

.. SWINT code, corrected for the bluntness and viscous effects, is shown in
;.'°Fig. 20 for comparison. At zero angle of attack, the PNS code predicts an

Theaxial force coefficient of 0.12 for the pressure contribution and excluding

the bluff base drag. The incremental axial force coefficient due to the

viscous effects, calculated with the PNS code assuming turbulent flow

everywhere and for the nominal windtunnel con s, is 0.069.

The normal force coefficientof the complete configuration, at a 5 deg.

angle of attack, yields a slope, CNess of about 7 per radian. The

corresponding pitching moment coefficient slope is Cmbu = 4.13 per radian.

The configuration develops a rolling moment due to the asymmetry of the

aft portion of the fins' surfaces. The rolling moment estimated from the

measured pressure data is about CO 0.023 at zero angle of attack.
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IV - SUMMARY AND CONCLUSIONS

Surface flow patterns on a typical fin of a six-finned configuration show

flow regions near the blunt leading edge, on the "d'.lta" planform, and the

corner flow region formed by the juncture of the fin and cylindrical body.

On the cylinder surface, the fin shocks and expansion waves traces are

evident. At 100 angle of attack, cross-flow separation prevails on the

leeward surfaces of the body and fins.

The measured surface pressures, and those computed using the PNS code,

are in good agreement with the experimental data especially in the inviscid

regions. However significant differences are noted in the viscous layer

possibly due to the entropy layer produced by the nose tip bluntness and the

absence of a turbulent boundary layer over the smooth cylinder model. At

angle of attack, cross flow separation is evident also in the pressure

measurements on the leeward surface of the cylinder. The impact pressure

maps around a typical fin show various flow structures. The measured heat

flux on the smooth cylinder are about half the values computed with the PNS

code. This shows a transitional flow may have prevailed in this case.

However, the heat flux measured on the grooved cylinder was in good

agreement with that computed using the PNS code and the FPREM. The

measured heat flux to the fin's leading edges agree with that computed with

the PNS code and an ana!ysis based on the flow over an infinitely swept

cylinder and accounting for the local flow direction.

These observations infer the need to further improve the flow modeling

especially in the viscous and separated flow regions. Also the use of a finer

mesh may be required to accurately resolve the body geometry and various

flow field structures besides the boundary layer.

13
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